Thermoinduction of cells of E. coli carrying prophage XcI857 within the bfe gene brings about not only "escape synthesis" of core subunits of the DNA-dependent RNA polymerase (RNA nucleotidyltransferase, nucleosidetriphosphate:RNA nucleotidyltransferase, EC 2.7.7.6), but also a striking stimulation of a factor synthesis. The latter phenomenon, termed a induction, is generally observed after A phage infection or prophage induction. A series of experiments with various bacterial and phage strains led us to conclude that the N gene product of A is directly involved in the a induction. These and other results obtained with mutants defective in transcription termination factor p suggest the involvement of a p-sensitive site in the control of a gene expression in E. coli. The DNA-dependent RNA polymerase (RNA nucleotidyltransferase, nucleosidetriphosphate:RNA nucleotidyltransforase, EC 2.7.7.6) of Escherichia coli consists of at least four subunits, a, (, (', and a (1). The specific role of a factor in transcription initiation, as well as the central role of RNA polymerase in transcription, arouse a special interest in the problem of organization and expression of genes involved in biosynthesis of this protein. At present, neither the structural gene for a nor the genes specifically regulating the synthesis of a is known, though hyperproduction of this protein was observed recently with a mutant strain of E. coli (2). In the course of our studies on "escape synthesis" of the polymerase subunits (3), a striking stimulation of a factor synthesis was noted after thermoinduction of lysogenic bacteria (4) carrying prophage AcI857 within the bfe gene, which is located near the structural genes for A and A' subunits of RNA polymerase. This paper further exploits this phenomenon with special reference to the mechanisms involved.
subunits, a, (, (', and a (1) . The specific role of a factor in transcription initiation, as well as the central role of RNA polymerase in transcription, arouse a special interest in the problem of organization and expression of genes involved in biosynthesis of this protein. At present, neither the structural gene for a nor the genes specifically regulating the synthesis of a is known, though hyperproduction of this protein was observed recently with a mutant strain of E. coli (2) . In the course of our studies on "escape synthesis" of the polymerase subunits (3), a striking stimulation of a factor synthesis was noted after thermoinduction of lysogenic bacteria (4) carrying prophage AcI857 within the bfe gene, which is located near the structural genes for A and A' subunits of RNA polymerase. This paper further exploits this phenomenon with special reference to the mechanisms involved. MATERIALS AND METHODS Bacterial and Phage Strains. Escherichia coli K12 and bacteriophage strains used are listed in Table 1 .
Media and Chemicals. In most experiments, synthetic medium E (13) with 0.5% glucose was used with appropriate supplements. RM medium (14) was used in experiments involving phage infection. Chemicals used are generally those described previously (2) .
Prophage Induction. Lysogenic bacteria were grown at 300 to 3 to 4 X 108 cells per ml in a 500 ml flask containing 40-50 ml of medium E, supplemented with 1 og/ml each of biotin and thiamine, and 50,gg/ml each of required amino acids. A culture was divided into 5 ml portions, one kept at 300 and others shaken at 420 to induce phage growth.
Phage Infection. Bacteria were grown to 2 to 3 X 108 cells per ml in a 500 ml flask containing 40 ml of RM medium with 0.5% maltose and 1 gg/ml of thiamine. MgSO4 was added to 10 mM, and cells were infected with phage at a multiplicity of infection of 10 to 20. Radioactive Labeling of Cells. Cells were labeled with 10-20 ,uCi/ml of a synthetic mixture of 15 L-3H-labeled amino acids (New England Nuclear Corp., NET-250) for 1 min, and were chased with 1% Casamino acids (Difco) for 3 min, unless otherwise indicated. Sodium azide (10 mM) was added in an ice bath to stop the incorporation. Cells were collected by centrifugation, and used without washing to minimize undue lysis in most experiments.
Preparation of Crude Extract. Cells were lysed by treatment with lysozyme-EDTA and Brij 58, and then by sonication as described previously (15 (2, 15) .
In some experiments, logarithmic-phase wild-type cells labeled for 1 hr with [14C]leucine (6 to 7 X 105 cpm) were used as internal reference; they were added to 3H-labeled cells before preparing crude extract. Polyacrylamide gel electrophoresis with NaDodSO4, and estimation of differential rate of synthesis of polymerase subunits was carried out by a modification (2) of the method described previously (15) . The differential synthesis rate is defined as the percentage of 3H counts associated with each protein band among total acid-insoluble radioactivity incorporated. When '4C-labeled cells were used as reference, the 3H/14C ratio for each protein band was divided by that for bulk protein to estimate the relative differential synthesis rate.
RESULTS
RNA polymerase synthesis after prophage induction Synthesis of RNA polymerase subunits was first examined with a lysogenic strain of E. coli after thermoinduction of prophage AcI857 inserted at the bfe gene. As seen in Fig. la conditions. Synthesis of a factor behaved similarly except that the final decrease was not observed. The rate of bulk protein synthesis did not change appreciably during this period. In all experiments involving X induction or infection reported here, the polymerase subunits synthesized formed bands at the positions that coincided with those of the reference enzyme in NaDodSO4/gel electrophoresis. This was shown by the comparisons of 3H-labeled bands with aS-or "4C-bands, taking the ratio of radioactivity for each fraction. Thus, no evidence was found for appreciable degradation, premature termination or modification that affects gel mobility of these polypeptides during phage growth. The differential synthesis rate of each subunit in the uninduced culture was also similar to that found previously with nonlysogenic wild-type bacteria (2, 15) .
Different results were obtained when another isogenic lysogen carrying prophage within the ilv gene was examined; no abrupt increase of core subunit synthesis was observed, whereas a synthesis was greatly stimulated (Fig. lb) . These results suggest that the marked increase of core subunit synthesis observed in the bfe lysogen ( RNA polymerase subunit synthesis upon thermoinduction of X lysogens. General procedures and conditions are as described in Materials and Methods. Cultures were grown at 300 and divided into several portions; one was pulse-labeled at 300 with 3H-labeled amino acids (10) (11) (12) (13) (14) (15) ,uCi/ml), whereas others were labeled after shift to 420 at the times indicated. Crude extracts were treated with antiserum to precipitate RNA polymerase proteins, and were analyzed by NaDodSO4-gel electrophoresis. The differential synthesis rate of each subunit, and the rate of bulk protein synthesis are presented relative to that for zero-time (300) control. The zero-time cells contained 3.0 to 5.5 X 106 cpm of acidinsoluble radioactivity. f,' (0), NO(-), a(E), a(A), bulk protein (X).(a) KY3304, (b) KS505, (c) HfrH(XcI857), and (d) KY1404. Proc. Natl. Acad. Sci Fig. 1 . The zero-time cells contained 1.1 X 107 and 4.9 X 106 cpm of acid-insoluble radioactivity for (a) and (b), respectively. Symbols are as in Fig. 1 .
synthesis" that has been studied in other systems (18, 19) . The stimulation of a synthesis, on the other hand, is apparently unrelated to the location of prophage sites. The latter finding was further confirmed with other lysogens including the one carrying prophage at the normal attachment site (attA) (Fig.  lc) . No such increase of a production was observed either with a lysogen carrying ANam prophage (Fig. ld) phage, which is unable to stimulate a production, can grow at least to some extent suggests that the observed induction of a factor synthesis is not a prerequisite for vegetative growth of phage A. Conversely, vegetative growth of the phage is not sufficient for a induction to take place.
Involvement of the N gene in a induction
The following experiments were carried out to determine the A gene(s) responsible for stimulation of a production. First, two lysogens each carrying a XcI857 prophage deleting most of the genes on the "right arm" of the A genome (ref. 21 ; Fig. 3 ) were examined in which heat inactivation of cI repressor triggers expression of only N (AH1) or N and cro genes (AF3). As seen in Fig. 4 , a synthesis was markedly stimulated with either strain which indicates that the genes deleted from these lysogens are not essential for a induction. The isogenic control strains lacking the amber suppressor (supF) failed to exhibit a induction presumably due to the amber mutations in the gene N. The extent of a induction with the zAH1 lysogen was significantly higher than that with the AF3 lysogen, perhaps because the former lacks the active cro gene product. In a separate experiment, it was found that infection of a sensitive host with Atrp48 Nam lacking the A genes to the left of tL (Fig. 3) induces a production provided that the host carries an amber suppressor (data not shown). This suggests that none of the genes to the left of tL are required for a induction.
The cI repressor and the rex gene product do not appear to be required for a induction, because (i) the rate of a synthesis is not altered by uninduced prophage A, (ii) a induction occurs upon inactivation of cI repressor, and (iii) a induction does not occur after infection of cells lacking suppressor with ANam nin or Atrp48 Nam phage where cI repressor and the rex gene product are produced. These results taken together suggest that the N gene product itself is directly responsible for induction of a factor synthesis.
Effect of host mutations on a induction
To gain further insight into the mode of involvement of the AN gene in a induction, two host mutants, groN (6) and nus (7), which permit synthesis but not functioning of N protein, were Biochemistry: Nakamura and Yura 4408 Biochemistry: Nakamura and Yura protein of X and host RNA polymerase. In addition, higher levels of a production were observed with mutants defective in p factor ( Table 2 ). All these observations might be explained in terms of defects in transcriptional control at a presumptive p-sensitive site located between the promoter and the structural gene for a.
In view of these considerations, we propose that an attenuator, such as those found recently for the trp, his, and other operons (33, 34) , is involved in regulation of a gene expression in E. coli. Because a is specifically involved in transcription initiation and presumably acts "catalytically" (35) , relatively small amounts of a may be needed for active growth of cells. In fact, the molar ratio of a to core enzyme synthesized in vvo is rather low (about 0.3) (2, 16, 36) . Such a limited synthesis of a may be a consequence of p-mediated regulation at the level of a gene transcription. Furthermore, existence of regulatory proteins functionally analogous to A N protein may be implicated as part of the regulatory circuits in bacteria.
